Because structural modifications of flavonoids are closely related to their properties, such as stability, solubility, flavor and coloration, characterizing the enzymes that catalyze the modification reactions can be useful for engineering agriculturally beneficial traits of flavonoids. In this work, we examined the enzymes involved in the modification pathway of highly glycosylated and acylated anthocyanins that accumulate in Lobelia erinus. Cultivar Aqua Blue (AB) of L. erinus is blue-flowered and accumulates delphinidin 3-O-p-coumaroylrutinoside-5-O-malonylglucoside-3 0 5 0 -O-dihydroxycinnamoylglucoside (lobelinins) in its petals. Cultivar Aqua Lavender (AL) is mauve-flowered, and LC-MS analyses showed that AL accumulated delphinidin 3-O-glucoside (Dp3G), which was not further modified toward lobelinins. A crude protein assay showed that modification processes of lobelinin were carried out in a specific order, and there was no difference between AB and AL in modification reactions after rhamnosylation of Dp3G, indicating that the lack of highly modified anthocyanins in AL resulted from a single mutation of rhamnosyltransferase catalyzing the rhamnosylation of Dp3G. We cloned rhamnosyltransferase genes (RTs) from AB and confirmed their UDP-rhamnose-dependent rhamnosyltransferase activities on Dp3G using recombinant proteins. In contrast, the RT gene in AL had a 5-bp nucleotide deletion, resulting in a truncated polypeptide without the plant secondary product glycosyltransferase box. In a complementation test, AL that was transformed with the RT gene from AB produced blue flowers. These results suggest that rhamnosylation is an essential process for lobelinin synthesis, and thus the expression of RT has a great impact on the flower color and is necessary for the blue color of Lobelia flowers.
INTRODUCTION
The color of flowers and fruits is considered as one of the most important traits for plants to attract pollinators and seed dispersers, and is also a fascinating horticultural trait for breeders as well as consumers. Four major phytopigments, chlorophylls, flavonoids, betalains and carotenoids, are responsible for the coloration of plant tissues. Among them, anthocyanins, a subgroup of flavonoids, contribute to the widest color range from orange-red to violet-blue through various integrations of coloration mechanisms, such as divergent aglycone structures, vacuolar pH, selfassociation, intramolecular stacking, metal complex formation and co-pigmentation with flavones (Yoshida et al., 2009) . Although anthocyanins are composed of only six prominent aglycones (pelargonidin, cyanindin, delphinidin, peonidin, petunidin and malvidin), they have diversified into more than 700 kinds in nature (SantosBuelga et al., 2014) through family-or species-specific modifications of aglycone. Anthocyanin aglycones (i.e. anthocyanidins) become modified at the 3-hydroxy group on the C-ring, the 5-and 7-hydroxy groups on the A-ring, and the 3 0 -and 5 0 -hydroxy groups on the B-ring. Glycosylation (glucosylations, rhamnosylation, xylosylation, etc.), methylation and acylation occur on specific positions of the aglycone, and these modifications affect the stability, solubility, compartmentation and coloration of the anthocyanins (Hashimoto et al., 2002; Kazuma et al., 2003; Tanaka et al., 2008; Nishizaki et al., 2011; Zhao et al., 2014) . In particular, aromatic acyl groups conjugated to sugar moieties participate in the inter-or intramolecular stacking of anthocyanins that cause an increase in the color hue toward blue; therefore, the glycosylations are considered as important steps for color determinant (Fukuchi-Mizutani et al., 2003) .
UDP-sugar-dependent glycosyltransferases (UGTs) catalyze the transfer of sugar residues from active sugars such as UDP-glucose to acceptor substrates. UGTs belonging to glycosyltransferase (GT) family 1 constitute the largest group in the glycosyltransferase superfamily and mediate various glycosylations of plant secondary metabolites, including anthocyanins. In the plant anthocyanin synthetic pathway, the formation of anthocyanidin is usually followed by glucosylation at the 3-hydroxy group on the Cring. Because the glucosylation at the 3-hydroxy group is a critical step for anthocyanin stabilization (Nakajima et al., 2001) , UGTs involving 3-O-glucosylation are conserved in numerous plants and have been characterized extensively (Fedoroff et al., 1984; Wise et al., 1990; Ford et al., 1998; Yamazaki et al., 2002; Lee et al., 2005) . UGTs that utilize other UDP-sugars or attach a sugar to positions other than the 3-hydroxy group have also been characterized (Yamazaki et al., 1999; Jones et al., 2003; Imayama et al., 2004; Ogata et al., 2005; Kogawa et al., 2007; Yonekura-Sakakibara et al., 2007; Nakatsuka et al., 2008; ) .
In addition to the UGTs mediating the glycosylation of aglycone, a distinct group of UGTs that catalyze the transfer of an additional sugar to the sugar moieties on the aglycone have been described and are referred to as branch-forming GTs. Branch-forming GTs involved in modifying flavonoid compounds have been identified in several plants: Petunia hybrida (UDP-rhamnose: anthocyanidin 3-O-glucoside rhamnosyltransferase, 3RT; Brugliera et al., 1994; Kroon et al., 1994) ; Bellis perennis (UDP-glucuronic acid: cyanidin 3-O-glucoside glucuronosyltransferase, BpU-GAT; Sawada et al., 2005) ; Ipomoea nil (UDP-glucose: anthocyanidin 3-O-glucoside glucosyltransferase, Ip3GGT; Morita et al., 2005) ; Actinidia chinensis (UDP-xylose: cyanidin 3-galactoside xylosyltransferase, F3GGT1; Montefiori et al., 2011) ; Arabidopsis thaliana (UDP-xylose: anthocyanin 3-O-glucoside xylosyltransferase, UGT79B1; Yonekura-Sakakibara et al., 2012); Citrus maxima and C. sinensis (UDP-rhamnose: flavanone 7-O-glucoside rhamnosyltransferase, Cm1,2RhaT; Frydman et al., 2004; Cs1,6RhaT, Frydman et al., 2013) . Although these branchforming GTs have been characterized by their in vitro activities, only a few studies have focused on their physiological roles, such as flower coloration. Moreover, despite the great diversity of highly modified anthocyanins in various plant species, only a few studies on Arabidopsis and petunia have investigated how branch-forming GTs contribute to the complicated modification steps in the biosynthetic pathway (Brugliera et al., 1994; Kroon et al., 1994; Yonekura-Sakakibara et al., 2012) .
Lobelia erinus (the family Campanulaceae), a popular edging plant in gardens, has many cultivars, which display various flower colors. Lobelinins are polyacylated anthocyanins isolated from the bluish violet petals of L. erinus, and their highly modified structures have been characterized (Kondo et al., 1989) . However, neither the enzymes involved in the modifications nor the details of the biosynthetic pathway have been identified. In this work, we describe the in vitro and in planta functional characterization of two anthocyanin rhamnosyltransferase genes, ABRT2 and ABRT4, which are involved in modifying lobelinin in the blue-flowered cultivar Aqua Blue (AB) of L. erinus. A mauve-colored cultivar, Aqua Lavender (AL), accumulated delphinidin 3-O-glucoside as a major anthocyanin in the petals. Crude protein assays and complementation tests showed that AL lacked only rhamnosyltransferase for lobelinin synthesis. A crude protein activity assay also showed that multiple modifications in lobelinin synthesis were regulated by strict substrate specificities of the catalyzing enzymes in the synthetic pathway, and thus rhamnosyltransferase was functionally significant in the modification process responsible for the blue flower color.
RESULTS

Anthocyanin accumulation in Lobelia erinus cultivars AB and AL
Total anthocyanins were extracted from fully opened flowers of L. erinus cultivar AB and AL (Figure 1a ). In the extract from AB, two major peaks at retention time (t R ) 29.5 min (peak 1) and 31.9 min (peak 2) were detected by high-performance liquid chromatography (HPLC; Figure 1b and c), and subsequent ultra-performance liquid chromatography/time-of-flight mass spectrometry (UPLC/TOF MS) analyses revealed that the molecular weights of peak 1 and peak 2 were consistent with lobelinin A [delphinidin (Figure 1c ), which were previously identified as the major anthocyanins in the bluish violet petals of L. erinus (Kondo et al., 1989) . In contrast, the peaks in the HPLC chromatogram of the extract from flowers of mauve-colored AL differed from the AB peaks. The t R of the major compound (peak 3) in AL was consistent with authentic delphinidin 3-O-glucoside (Dp3G, mw 465.4; Figure 1b and c). In UPLC/ TOF MS analyses of AL petals, the m/z value of peak 3 accurately matched that of Dp3G, and no peaks in the mass chromatograms corresponded to further glycosylated and/or acylated delphinidin derivatives including lobelinin A and lobelinin B. These results indicate that the difference in flower color in AL is due to the absence of enzymatic modifications involving rhamnosylation and acylation at the glucose moiety at the 3-hydroxy group on the C-ring as well as modifications at the 5-hydroxy group on the A-ring and the 3 0 -and 5 0 -hydroxy groups on the B-ring.
Enzymatic modification activities in AB and AL
To unveil which modification reactions are responsible for the differences in flower color between AB and AL, the modification activities in each cultivar were investigated in vitro. Crude proteins were extracted from the flower buds of AB and AL, and the reaction products were analyzed by matrix-assisted laser desorption/ionization time-of-flight mass spectrometry (MALDI-TOF MS). Glucosyltransferase activities at the 3-hydroxy group on delphinidin (Dp) were first examined using UDP-glucose as a sugar donor. The crude proteins from AB and AL transformed Dp (mw 303.2) to Dp3G (mw 465.4), indicating that both cultivars possess delphinidin 3-O-glucosyltransferase activities (Figure 2a ). The formation of Dp3G in the reaction mixture was also confirmed by HPLC ( Figure S1a ). was used for the reaction with Dp3G and UDP-glucose, no products were detected for AB or AL ( Figure S2 ), suggesting that a rhamnosylation of Dp3G precedes other glucosylations for lobelinin synthesis. We next examined rhamnosyltransferase activities from Dp3G to delphinidin 3-O-(6-O-a-L-rhamnosyl)-b-D-glucoside (i.e. delphinidin 3-O-rutinoside, Dp3RG) in crude proteins of AB and AL. The rhamnosylation of Dp3G requires UDPrhamnose, but UDP-rhamnose is not commercially available. To synthesize this sugar, we thus used the native UDP-rhamnose synthase, presumably similar to RHM2/ MUM4, the multidomain protein that converts UDP-glucose to UDP-rhamnose in Arabidopsis (Oka et al., 2007) . We first synthesized UDP-rhamnose using UDP-glucose, NADPH, NAD + and crude proteins isolated from L. erinus AB, and then the protein-removed UDP-rhamnose preparation was used in the second reaction to detect rhamnosyltransferase activities (from Dp3G to Dp3RG) in crude proteins of AB or AL. In the MALDI-TOF MS analysis, we found an m/z peak that corresponded to Dp3RG (mw 611.5) in the reaction mixture from AB ( Figure 2b ). This product had the same t R and the UV-visible spectra as authentic Dp3RG in the HPLC analysis ( Figure S3 ). On the other hand, Dp3RG was not detected from the reaction catalyzed by crude proteins from AL ( Figure 2b ), indicating the lack of rhamnosyltransferase activity to produce Dp3RG in AL.
Because several glycosylations and acylations did not take place in AL petals, we further examined other enzymatic activities against Dp3RG in crude protein from AL. By the crude protein from AL, Dp3RG was converted to delphinidin 3-O-p-coumaroylrutinoside (Dp3CRG, mw 757.7) in the presence of p-coumaroyl-CoA ( Figure 2c ) and to delphinidin 3-O-p-coumaroylrutinosyl-5-O-glucoside (Dp3CRG5G, mw 919.8) in the presence of p-coumaroylCoA and UDP-glucose ( Figure 2d ). The formation of Dp3CRG5G from Dp3RG was confirmed by HPLC using authentic standards ( Figure S1b ). Next, with the addition of malonyl-CoA, Dp3CRG5G was further malonylated into delphinidin 3-O-p-coumaroylrutinosyl-5-O-malonylglucoside (Dp3CRG5MG, mw 1005.9; Figure 2e ). Finally, UDP-glucose-dependent glucosylations of the B-ring were detected Figure 2f ). When we used crude protein from AB, the same results were obtained (Figure 2c-f) . Interestingly, we detected 5-O-glucosylation activities of the crude proteins from AB and AL only when Dp3RCG was used as the acceptor substrate; Dp3G or Dp3RG did not react with UDP-glucose ( Figure S2 ). In addition, 3 0 ,5 0 -O-glucosyltransferase also exhibited substrate specificity toward Dp3CRG5MG. These results indicate that delphinidin is modified to lobelinin in a single pathway due to the substrate specificities of enzymes involved. Because the pathway is executed in a specific order, the lack of only rhamnosyltransferase activity in AL would terminate the synthesis, resulting in Dp3G accumulation and flower color variation.
Cloning of novel anthocyanin rhamnosyltransferase genes
The anthocyanin rhamnosyltransferase genes in AB and AL were cloned using the degenerate primers, which were designed based on sequences of other anthocyanin rhamnosyltransferases of the GT family 1, 3RT (Brugliera et al., 1994; Kroon et al., 1994) and Cs1,6RhaT (Frydman et al., 2013) . In the cDNA library prepared from AB, we obtained two candidate genes and referred to them as ABRT2 and ABRT4, respectively. The 1419-bp open reading frames of ABRT2 and ABRT4 encoded 472 amino acids, and they shared 95% identity in cDNA sequences and 96% identity in amino acid sequences with each other. The phylogenetic tree constructed with the flavonoid glycosyltransferases showed that ABRT2 and ABRT4 belonged to a cluster of branch-forming GTs ( Figure 3 ). In addition, ABRT2 and ABRT4 formed a separate subcluster with rhamnosyltransferases that catalyze the rhamnosylation of flavonoid 3-Oglucoside at the hydroxy group on C6 of glucose moiety. In this subcluster, ABRT2 had 61% amino acid similarity with Petunia 3RT (Brugliera et al., 1994; Kroon et al., 1994) , 60% similarity with Cs1,6RhaT (Frydman et al., 2013) , and 53% similarity with UDP-b-L-rhamnose: flavonol 3-O-glucoside a-1,6-L-rhamnosyltransferase of Glycine max (GmF3G6"Rt; Rodas et al., 2014) . Compared with ABRT2 and ABRT4, a homologous clone obtained from AL (referred to as ALRT1) was 1414 bp long and had a five-base deletion at nucleotide position 740 ( Figure S4 ). Plant UGTs contain a conserved motif, the plant secondary product glycosyltransferase (PSPG) box, which is involved in the binding of UDP-sugar (Shao et al., 2005) and thus is essential for the enzymatic activity. In ABRT2 and ABRT4, the PSPG box is located at amino acid residues 343-386 ( Figure S5 ). The five-base deletion in ALRT1 generated a truncated polypeptide that consisted of 280 amino acids without the PSPG box, suggesting functional loss of ALRT1.
We examined the expression profile of ABRT2 and ABRT4 by qRT-PCR using RNAs prepared from stems, leaves and flowers at four developmental stages (Figure 4a) . In a preliminary test, the expression of ABRT2 and ABRT4 could not be discriminated using PCR because of their high sequence similarity; therefore, we show expression levels as the sum of ABRT2 and ABRT4. ABRTs transcripts accumulated at the highest level in the flower buds at an early stage, and then gradually decreased during flowering (Figure 4b ). In addition, ABRT2 and ABRT4 were expressed in vegetative tissues (stems and leaves) at a lower level than in the floral organs.
In vitro characterization of recombinant ABRT2 and ABRT4
The rhamnosylation activities of ABRT2 and ABRT4 were investigated using Escherichia coli-expressed recombinant proteins. To synthesize UDP-rhamnose, we here used a soluble protein fraction derived from RHM2/MUM4-expressing E. coli, and confirmed the presence of UDP-rhamnose in the reaction mixture by MALDI-TOF MS ( Figure S6 ). The rhamnosyltransferase activities of ABRT2 and ABRT4 were determined in the reaction, which was supplemented with Dp3G, the UDP-rhamnose-synthesized mixture and the purified recombinant ABRT2 or ABRT4. Control reactions were carried out with the use of a soluble protein fraction derived from E. coli harboring empty vector in UDP-rhamnose synthesis reactions. The resulting reactions were analyzed with HPLC. As shown in Figure 5 , Dp3RG was successfully detected from both reactions catalyzed by recombinant ABRT2 or ABRT4 (Figure 5a and c) but not in the control reactions (Figure 5b and d) , indicating that ABRT2 and ABRT4 catalyzed the conversion of Dp3G to Dp3RG using UDP-rhamnose as a sugar donor.
In MALDI-TOF MS analysis ( Figure S6 ), we found that the concentration of UDP-rhamnose in the UDP-rhamnosesynthesized mixture was considerably low, and thus that kinetic analyses by the Michaelis-Menten kinetics model would be impossible. We therefore examined rhamnosylation velocities using the same UDP-rhamnose preparation mixture as sugar donor to confirm whether the ABRTs catalyze transfer of rhamnose toward other flavonoids. Table 1 shows the activities of ABRTs using other flavonoids and sugar donor as substrates. ABRT4 had UDPrhamnose-dependent rhamnosyltransferase activities using flavonoid monoglucosides, cyanidin 3-O-glucoside, pelargonidin 3-O-glucoside, malvidin 3-O-glucoside, apigenin 7-O-glucoside and quercetin 3-O-glucoside, Figure 3 . Molecular phylogenetic tree of ABRT2, ABRT4 and identified UGTs involved in flavonoid glycosylations based on amino acid sequences. Multiple sequences were aligned by MUSCLE and used for tree construction with the maximum likelihood method using MEGA6. Bootstrap values from 1000 replicates are shown on branches (values > 50% are shown). Bar represents 0.5 amino acid substitutions per site. GenBank accessions are as follows: CAA50376 (Petunia hybrida, Petunia 3RT); ABA18631 (Citrus sinensis, Cs1,6RhaT); BAN91401 (Glycine max, GmF3G6"Rt); BAD95881 (Ipomoea nil, Ip3GGT); BAR88077 (Glycine max, GmF3G2"Gt); FG404013 (Actinidia deliciosa, F3GGT1); NP_200217 (Arabidopsis thaliana, UGT79B1); BAD77944 (Bellis perennis, BpUGAT); BAH80312 (Catharanthus roseus, CaUGT3); AAL06646 (Citrus maxima, Cm1,2RhaT); AAF19756 (Arabidopsis thaliana, UGT78D1); CAC01718 (Arabidopsis thaliana, UGT78D2); AAB81683 (Vitis vinifera, VvGT1); BAA89008 (Petunia hybrida, Petunia 3GT); BAA19659 (Perilla frutescens, Perilla 3GT); BAA12737 (Gentiana triflora, Gentian 3GT); AAD55985 (Petunia hybrida, F3GalTase); BAA36972 (Vigna mungo, UF3GaT); BAF49297 (Clitoria ternatea, Ct3GT-A); BAG32255 (Gentiana triflora, Gt5GT7); BAD06874 (Iris hollandica, Iris 5GT); AB013596 (Perilla frutescens var. crispa, Perilla 5GT); AB013598 (Verbena hybrida, Verbena 5GT); AB027455 (Petunia hybrida, Petunia 5GT); AB076698 (Torenia hybrida, Torenia 5GT); AAM13132 (Arabidopsis thaliana, UGT89C1); AEC09298 (Arabidopsis thaliana, UGT73C6); BAA83484 (Scutellaria baicalensis, UBGT).
© 2016 The Authors. regardless of the positions of glucose moieties on aglycone (3-or 7-hydroxyl group) as substrates, but it did not use delphinidin 3,5-O-diglucoside as a substrate. ABRT2 had similar substrate preference, except that activity with malvidin 3-O-glucoside was not detectable. In the sugar donor preference assay, no glucosylated product of Dp3G was detected from the reactions catalyzed by ABRT2 or ABRT4, suggesting that ABRTs do not use UDP-glucose as sugar donor or that the activity toward UDP-glucose was extremely low under the detectable level. These results suggest that both ABRT2 and ABRT4 possess UDP-rhamnose-dependent rhamnosyltransferase activities using a variety of flavonoid substrates, and several amino acid substitutions in ABRT2 compared with ABRT4 may result in reduced enzymatic activity.
Complementation of ALRT1 by ABRT2 or ABRT4 expression
To examine the in vivo activity of ABRT2 and ABRT4 and verify that the deficiency of ALRT1 causes the flower color variation, complementation tests were carried out. The full-length open reading frames of ABRT2 and ABRT4 were cloned into the pIG121Hm vector (Ohta et al., 1990) and introduced into AL through Agrobacterium-mediated transformation procedure. As the control, AL was transformed with GFP cloned into pIG121Hm. Six ABRT2-expressing lines, five ABRT4-expressing lines and eight GFP-expressing lines were obtained. To discriminate transcripts between endogenous ALRT1 and transformed ABRT2 or ABRT4, we used an allele-specific PCR, and the expression of ABRT2 or ABRT4 in each transgenic plant was confirmed (Figure 6a) . The transgenic AL plants that expressed ABRT2 or ABRT4 had blue petals, while the control plants transformed with GFP had mauve petals similar to the nontransformed AL (Figure 6b ). Some transgenic AL plants had different levels of blue coloration among flowers in the plant. As shown in Figure 6b , the flowers labeled AL/ABRT2-2-1, AL/ABRT2-2-2 and AL/ABRT2-2-3 were collected from a single plant (AL/ABRT2-2), but they displayed different colors. When the anthocyanin compositions in AL/ABRT2-2-1, AL/ABRT4-2 and AL/GFP-4 were further examined using HPLC, the chromatograms of the extractions from AL/ABRT2-2-1 and AL/ABRT4-2 were similar to AB, and lobelinin A (peak 1) and lobelinin B (peak 2) were detected in both transgenic AL plants (Figure 6c) . These results indicate that both ABRT2 and ABRT4 function as rhamnosyltransferase in vivo and contribute to the blue color of flowers in L. erinus. In addition, in AL/ABRT2-2-1 and AL/ABRT4-2 plants, the levels of apigenin 7-O-rutinoside (Ap7RG) were significantly higher than in AB or AL ( Figure S7 ), suggesting that ABRTs also direct the rhamnosylation of Ap7G to Ap7RG in vivo.
DISCUSSION
In this investigation of the molecular basis of flower color variations in L. erinus using blue-flowered cultivar, AB, and mauve-colored cultivar, AL, we found that AL had no rhamnosylation activity to synthesize Dp3RG because the rhamnosyltransferase gene in AL (ALRT1) had a 5-bp deletion generating a truncated polypeptide without PSPG box, which must result in functional loss of ALRT1. In addition, an activity assay of crude proteins showed that enzymes involved in the modifications following rhamnosylation functioned normally in AL, suggesting only a mutation in anthocyanin rhamnosyltransferase was responsible for the color alteration from blue to mauve. This result was also validated by introducing the rhamnosyltransferase genes isolated from AB into AL; transgenic AL plants expressing rhamnosyltransferase derived from AB had blue flowers. The 3 0 -O-caffeoylglucosyl group on the B-ring of aglycone was shown to play a critical role in blue color development in Gentiana by creating intramolecular stacking between the caffeoyl moiety and the B-ring (Yoshida et al., 2000) . In addition, the glucosylation at the 5-hydroxy group on the A-ring and the methylation at the 3 0 -and 5 0 -hydroxyl groups on the B-ring were also shown to be important for increasing the blue hue in Saintpaulia cultivars (Tatsuzawa and Hosokawa, 2015) . On the other hand, there have been no reports on the effect of rhamnosylation on blue coloration, while previous studies have reported that rhamnosylation has a substantial effect on flower coloring in petunia (Brugliera et al., 1994; Kroon et al., 1994) . We here showed that rhamnosyltransferase activity was critical for blue coloration on flower, and elucidated the mechanism to explain why rhamnosyltransferase activity is essential for blue color development in L. erinus cultivars; rhamnosylation was a prerequisite for subsequent modifications needed to synthesize lobelinins probably because of strict substrate specificities of the catalyzing enzymes in the pathway. Through the crude protein assay to examine enzymatic activities involved in the metabolic pathway, we elucidated the order of modifications in the biosynthetic pathway of lobelinins as follows: Dp ? Dp3G ? Dp3RG ? Dp3CRG ? Dp3CRG5G ? Dp3CRG5MG ? Dp3CRG5MG3 0 G and Dp3C RG5MG3 0 G5 0 G ? ? lobelinin ( Figure S8) . A similar specific order of modifications has also been proposed for P. hybrida, which accumulates malvidin 3-O-p-coumaroylrutinoside-5-O-glucoside in purple flower petals (Jonsson et al., 1984a) . In the P. hybrida, the p-coumaroylrutinoside residue at the 3-hydroxy group of malvidin is necessary for the activity of 5-O-glucosyltransferase (Jonsson et al., 1984b; Yamazaki et al., 2002) . However, the modifications at the 3-and 5-hydroxy groups of anthocyanins do not always follow this priority; Yabuya et al. (2002) summarized several modification pathways at the 3-and 5-hydroxy groups of anthocyanins. Among them, the structures of anthocyanins from a dark-blue Iris ensata (malvidin/petunidin 3-O-p-coumaroylrutinoside-5-O-glucoside) are similar to lobelinins, but the 5-O-glucosylation precedes the addition of the p-coumaroyl moiety. Anthocyanins that have the same structure in various plant species or families might be synthesized by different modification pathways, thus explaining some of the diversity in flower coloration and highlighting the complexity of the modification pathway of plant secondary metabolites. Anthocyanin disaccharides, in particular anthocyanin rutinosides (i.e. 6-O-a-L-rhamnosyl-b-D-glucoside), are found in many pigmented plant tissues (Andersen and Jordheim, 2010) . Although the anthocyanin rhamnosyltransferase in Petunia was characterized in 1994 (Brugliera et al., 1994; Kroon et al., 1994) , the presence of such rhamnosyltransferases in other plants, for example, citrus (Cs1,6RhaT) and soybean (GmF3G6"Rt), was not reported until recently (Frydman et al., 2013; Rodas et al., 2014) . The citrus Cs1,6RhaT and the petunia 3RT were suggested to have descended from a common evolutionary origin based on their high sequence similarity (Frydman et al., 2013) , but the lack of adequate sequence information of branch-forming rhamnosyltransferases has impeded exploration of their evolution. In this study, we identified ABRT2 and ABRT4 that transfer the rhamnose residue from UDP-rhamnose to the 3-O-glucose moiety of Dp3G. specificity, sugar donor specificity is considered to have differentiated later than the divergence of regiospecificity for the sugar acceptor. However, this 1 ? 6 rhamnosyltransferase subcluster comprises enzymes isolated from various species in different orders -Asterales, Solanales, Sapindales and Fabales. This finding implies that sugar donor specificity of branch-forming rhamnosyltransferases that use UDP-rhamnose might have been acquired very early in plant evolution as a divergence of acceptor selectivity for sugar moiety. In vitro and in vivo substrate specificity of ABRTs showed that in addition to anthocyanin monoglucoside, ABRTs also directed the rhamnosylation of other flavonoid monoglucosides, such as apigenin 7-Oglucoside and quercetin 3-O-glucoside (Table 1 ; Figure S7 ). Rhamnose-branched products of flavanone and flavonol have been suggested to be involved in biotic and abiotic stress responses (Del Rio et al., 2004; Suzuki et al., 2005) . We thus consider that the branch-forming rhamnosyltransferases in higher plants play important roles not only in flower coloration but also in stress tolerance; therefore, the responsible genes are widely preserved, leading to various rhamnose-attached metabolites. UDP-rhamnose-dependent rhamnosyltransferases and branch-forming GTs belong to the UGT super family, but the identity of the amino acid residues that are essential for the UGT function is still unknown because crystal structure analyses on the plant UGTs have been reported only for UDP-glucose-dependent glucosytransferases (Shao et al., 2005; Offen et al., 2006; Brazier-Hicks et al., 2007; Li et al., 2007; Hiromoto et al., 2013) . Figure S9 shows a model structure of ABRT4 bound with b-L-rhamnose and the crystal structure of UGT71G1 bound with UDP-glucose (Shao et al., 2005) . In the structural analysis of UGT71G1 (Shao et al., 2005) , Glu381, Trp360 and Thr143 were important for the interactions with glucose; in particular, Thr143 would interact with the hydroxy group at C6 of glucose. On the other hand, ABRT4 appears to possess Val142 at the position equivalent to Thr143 of UGT71G1, suggesting that Val142 and Phe143 provide the hydrophobic environment to accommodate the methyl group of rhamnose lacking a hydroxy group at C6. Crystal structure determination and further experiments like point mutagenesis using UDP-rhamnosedependent branch-forming rhamnosyltransferases will elucidate the amino acids that are essential for their enzyme functions such as interactions with rhamnose and the glucose moiety on aglycone.
EXPERIMENTAL PROCEDURES
Plant materials
The seeds of L. erinus cultivars AB and AL were purchased from Takii Seed Co., Japan. Plants were grown in an incubation room under 16-h light/8-h dark at 24°C and 50% relative humidity.
Analyses of anthocyanin composition
For HPLC analysis of anthocyanins, the fully opened flowers were freeze-dried and ground into a powder, then stored at À30°C until use. The flavonoids were extracted in aqueous MAW solution (40% methanol, 10% acetic acid) for 3 h with gentle rotation at room temperature. After centrifugation to remove debris, samples were passed through a 0.2-lm filter and applied to LaChrom Elite HPLC System (HITACHI, Tokyo, Japan) equipped with a Waters SunFire C18 column (5 lm, 4.6 9 250 mm; Waters, Milford, MA, USA). Components were separated using a 60-min linear gradient of 14-100% solvent B [40% acetonitrile in aqueous 0.05 M trifluoroacetic acid (TFA)] in solvent A (5% acetonitrile in aqueous 0.05 M TFA), followed by equilibration with 14% solvent B in A for 10 min at a flow rate of 0.5 mL min À1 at 40°C. Anthocyanin and flavone profiles were recorded at 530 nm and 340 nm, respectively, by an L-2455 Diode Array Detector (Hitachi, Tokyo, Japan). For mass analysis, a UPLC-ESI-TOF MS system equipped with an electrospray ionization (ESI) source (ACQUITY UPLC system coupled to LCT Premier XE, Waters) was used with an ACQUITY UPLC BEH C18 column (1.7 lm, 2.1 9 100 mm; Waters). Components were separated using a 16-min linear gradient of 14-86% solvent B (40% acetonitrile in aqueous 0.5% formic acid) in solvent A (5% acetonitrile in aqueous 0.5% formic acid), followed by elution with 100% solvent B for 3 min at a flow rate of 0.25 mL min À1 at 38°C. The TOF-MS analysis was performed in ES+ mode using an ion source temperature of 120°C, desolvation gas (N 2 ) at 350°C and flow rate of 350 L h
À1
, flow rate of 50 L h À1 for cone gas, capillary voltage of 3 kV and scan time of 1.0 scan s
. Leucine enkephaline was used as the lock-spray mass reference.
Enzyme activity assays using crude proteins
Proteins were extracted from flower buds of AB and AL at developmental stage 3 as described by Kazuma et al. (2004) . Briefly, 5 g of flower bud samples was homogenized in liquid nitrogen with polyvinylpolypyrrolidone and suspended in 50 mL of extraction buffer [0.1 M Tris-HCl (pH 7.5), 10 mM ascorbic acid, 10 mM b-mercaptoethanol and 10 lM pAPMSF]. The supernatant recovered after a 15-min centrifugation at 8000 g was gently stirred for 1 h with 10 g of extraction-buffer-equilibrated DOWEX anion exchange resin (Wako, Tokyo, Japan) to remove pigments. The resin was discarded, then the proteins were precipitated with 35-70% (NH 4 ) 2 SO 4 . Collected proteins were resuspended in 2 mL of suspension buffer [20 mM Tris-HCl (pH 7.5), 10 mM b-mercaptoethanol and 10 lM pAPMSF]. The crude proteins were desalted on a PD-10 column (GE Healthcare, Chicago, IL, USA) and concentrated using an Amicon Ultra-4 centrifugal filter unit (Millipore, MA, USA). The protein concentration was determined with a Bradford assay. The enzymatic activities in crude proteins were examined in 20-lL reactions composed of 100 mM potassium phosphate buffer (pH 7.5), 400 lg of crude proteins, and combinations of 0.6 mM anthocyanin substrates and 1 mM residue donors; Dp (Funakoshi, Tokyo, Japan) and UDP-glucose (Sigma-Aldrich, St Louis, MO, USA) for glucosylation of Dp; Dp3G and UDP-glucose for glucosylation of Dp3G; Dp3RG and UDP-glucose for glucosylation of Dp3RG; Dp3RG and p-coumaroyl-CoA for coumaroylation of Dp3RG; Dp3RG, p-coumaroyl-CoA and UDP-glucose for coumaroylation and glucosylation of Dp3RG; Dp3CRG5G and malonyl-CoA (Sigma-Aldrich) for malonoylation of Dp3CRG5G. Authentic Dp3G and Dp3RG were purchased from Funakoshi. pCoumaroyl-CoA was chemically synthesized and purchased from Nakalai Tesque, Kyoto, Japan. Dp3CRG5G was extracted from epidermal tissue of eggplants (Solanum melongena) according to (2008) , and the mass spectrum was confirmed with UPLC-TOF MS. After a 10-180 min incubation at 30°C, the reactions were terminated by addition of 4 lL of 1 M HCl. Following removal of proteins, the reaction mixtures were cleaned up using MonoTip C18 tips (GL Science, Tokyo, Japan) and subjected to MALDI-TOF MS. Samples were crystallized with equal volume of matrix, 0.1 M 2,5-dihydroxybenzoic acid dissolved in 30% acetonitrile in aqueous 0.1% TFA. The mass spectra were obtained with a UltrafleXtreme mass spectrometer (Bruker, Bremen, Germany) operating in positive reflector mode with 50% laser power, the detector gain at 2.64 9 (2348 V) and sample rate at 0.13 GS s
À1
. Data were acquired with 500 shots/scan in triplicate. For further confirmation of glucosylation products of Dp and Dp3CRG, 60 lL of reactions was prepared and subjected to HPLC analysis.
The rhamnosylation activity of the crude proteins was assayed using two-step enzymatic reactions. UDP-rhamnose was synthesized in the first reaction, which consisted of 250 mM MOPS-NaOH buffer (pH 7.5), 5.3 mM UDP-glucose, 3 mM NADPH, 3 mM NAD + and 20 lg lL À1 crude protein isolated from AB. After incubation for 2 h at 30°C, the reaction mixture was purified with phenolchloroform to remove proteins; 12 lL of the protein-free UDPrhamnose preparation was then used in the second reaction (20 lL) containing 100 mM of potassium phosphate buffer (pH 7.5), 0.6 mM Dp3G and 20 lg lL À1 crude protein isolated from AB or AL. The reactions were incubated for 10 min at 30°C, and stopped by the addition of an equal volume of phenol-chloroform. The protein-free reaction (20 lL) was mixed with 4 lL of 1 M HCl just before the MALDI-TOF MS analysis. For HPLC, 50-lL rhamnosylation reactions containing 0.4 mM Dp3G were prepared. After removal of proteins, the reaction product was supplemented with 8% acetonitrile and subject to HPLC analysis. To separate Dp3G and Dp3RG, a modified elution profile was used; a 30-min linear gradient of 14-20% solvent B in solvent A, followed by equilibration with 14% solvent B in A for 5 min at a flow rate of 1 mL min
.
Cloning of rhamnosyltransferase in Lobelia erinus
Total RNA was extracted from bulked flower buds of AB, and cDNA was synthesized using a TAKARA RNA PCR kit (AMV) (TAKARA BIO, Tokyo, Japan). Degenerate primers for amplification of rhamnosyltransferase gene, RT-Fd1 (5 0 -GYTCTTTYGG AAGTGAAAC-3 0 ) and RT-Rv1 (5 0 -ACYGAACTAAAYCCTGMRTG-3 0 ), were designed using the 3RT gene (X71059) and the Cs1,6RhaT gene (DQ119035). The resulting amplicons were cloned into pGEM-T Easy vector (Promega, Madison, WI, USA) and subjected to sequence analysis. The full-length sequence was obtained by 3 0 and 5 0 RACE. Two rhamnosyltransferase genes isolated from AB were designated as ABRT2 and ABRT4, and a gene derived from AL was referred to as ALRT1. The obtained rhamnosyltransferase sequences have been submitted to DDBJ (LC131336 and LC131337).
Construction of phylogenetic tree and homology modeling
The molecular phylogenetic tree of the identified glycosyltransferases involved in flavonoid modifications was constructed using MEGA6 (Tamura et al., 2013) . The amino acid sequences of the identified glycosyltransferases were first aligned using MUSCLE (Edgar, 2004) , and the phylogenetic tree was then constructed according to the multiple sequence alignment with the use of maximum likelihood method.
The model structure of ABRT4 was constructed using SWISS-MODEL (Biasini et al., 2014) . The alignment and drawing of the structures were performed with PyMOL.
qRT-PCR
Total RNA was extracted from leaves, stems and flowers at four developmental stages using TRIzol Reagent (Invitrogen, Carlsbad, CA, USA). Genomic DNAs were eliminated by TURBO DNase (Ambion, Austin, TX, USA), and purified total RNA was reverse transcribed using TAKARA RNA PCR KIT (AMV). Quantitative RT-PCR was carried out using a CFX Connect Real-Time Detection System (Bio-Rad, Hercules, CA, USA) with the use of FastStart Universal SYBR Green Master (ROX) (Roche, Basel, Switzerland). The Actin gene was used as an internal control. Primer sets were as follows: 5 0 -GAAAGCACCGCAGACACCACC-3 0 and 5 0 -CTACTG-CAGTGGAAATGGCGGC-3 0 for ABRT2/4; 5 0 -TGTGATGTTGATAT-CAGGAAGG-3 0 and 5 0 -GAAAGTGCTAAGGGATGCAAG-3 0 for Actin. Primers for Actin were designed from the sequence that we had previously cloned (AB538453). The expression levels of ABRT2/4 were normalized to those of the Actin gene, and data shown are from three replicates.
Enzyme activity assay of recombinant ABRT2 and ABRT4
Each cDNA encoding ABRT2 or ABRT4 was amplified by PCR and cloned into NdeI-HindIII sites in pCold ProS2 (TAKARA BIO) to produce as N-terminal ProS2-tag fusion proteins. Escherichia coli strain HMS174 (DE3) was transformed with the pCold ProS2 plasmid harboring ABRT2 or ABRT4 and cultured at 37°C in LB medium containing 100 lg mL À1 ampicillin. The culture medium (OD 600 = 0.7) was ice-chilled for 30 min. Isopropyl b-D-thiogalactopyranoside was added at 0.1 mM, then cells were further cultured for 24 h at 15°C. Pelleted cells after centrifugation were resuspended in extraction buffer (20 mM HEPES pH 7.5, 0.3 M NaCl and 1% Triton X-100). ABRT2 and ABRT4 were purified on a Ni-chelating Sepharose Fast Flow column (GE Healthcare) chromatography prepared according to the supplier's protocol and equilibrated with 20 mM sodium phosphate buffer (pH 7.0) containing 0.3 M NaCl. After washing by 20 mM imidazole (pH 7.0) in the equilibration solution, the absorbed proteins were eluted with a linear gradient of 20-500 mM imidazole (pH 7.0) in the equilibration solution. The purified ABRT2 or ABRT4 fractions, which were detected as a single band on SDS-PAGE, were dialyzed against 10 mM sodium phosphate buffer (pH 7.0) and concentrated using Vivaspin20 MWCO 30 s000 (GE Healthcare). Protein concentration was determined from the absorbance at 280 nm and the theoretical molar absorption coefficient (49 850 M À1 cm À1 in both ABRT2 and ABRT4) calculated by ProtParam (Gasteiger et al., 2005) .
For UDP-rhamnose biosynthesis, full-length cDNA of the RHM2/ MUM4 gene (At1 g53500) from A. thaliana was cloned into pET28a and used to transform E. coli HMS174 (DE3). The soluble protein fraction of E. coli expressed by RHM2/MUM4 was prepared as described by Shibuya et al. (2010) . The rhamnosylation activity of ABRT2 and ABRT4 recombinant proteins was assayed in two enzymatic reactions. UDP-rhamnose was synthesized in the first reaction composed of 5 mM UDP-glucose, 2 mM NADPH and 54.4 lL of crude proteins extracted from RHM2/MUM4-expressing E. coli or vector control with final volume adjusted to 120 lL. The second reactions (60 lL) contain 0.4 mM Dp3G, 1 lg lL À1 ABRT2 or 0.1 lg lL À1 ABRT4 recombinant proteins and 50 lL of the first reaction. The reactions were incubated for 10 min at 30°C and analyzed by HPLC using the elution profile described above for separating Dp3G and Dp3RG.
Relative activity of ABRT toward Dp3G, cyanindin 3-O-glucoside, pelargonidin 3-O-glucoside, malvidin 3-O-glucoside, del- purchased from Funakoshi. The 60-lL reaction for the activity assay contained 0.4 mM of each substrate and 30 lL of UDP-rhamnose preparation (pH 7.4). After a 3-min pre-incubation at 30°C, the reactions were started by the addition of the enzyme, then stopped by addition of 12 lL of 1 N HCl at 1, 5 or 10 min after incubation. The products were identified and quantified using the MALDI-TOF MS, HPLC system and standard curves of the authentic standards. The relative activity with each substrate was calculated by comparing their specific activity (nmol min À1 mg
À1
) with the specific activity of ABRT2 or ABRT4 to Dp3G and UDP-rhamnose, respectively.
Complementation test of AL with ABRTs
Each full-length cDNA of ABRT2, ABRT4 and GFP was cloned into pIG121-Hm binary vector and used to transform Agrobacterium tumefaciens strain EHA105. Cotyledons and the first true leaves on 15-day-old seedlings of AL were transformed with one of the constructs according to the protocol of Tsugawa et al. (2004) . Expression of the transformed genes in transgenic plants was confirmed by RT-PCR. The 5-bp deletion in AL was used to discriminate exogenous ABRT and endogenous ALRT1 by allele-specific RT-PCR using primers 5 0 -CCTATTCTCCTAGTTGGTCCGG-3 0 and 5 0 -TCACATTTTCTCTCCAGAAATGG-3 0 with annealing at 60°C. Expression of GFP was confirmed using primer set 5 0 -TCTAGAAT-GAGTAAAGGAGAAGAACTTTTC-3 0 and 5 0 -GAGCTCTTATTTGTA-TAGTTCATCCATG-3 0 . As an internal control, the Actin gene was also amplified with primers used for qRT-PCR. The anthocyanin components in flowers of transgenic plants were analyzed by HPLC as described.
ACCESSION NUMBERS
The Genbank accession numbers for Lobelia erinus ABRT2 and ABRT4 are LC131336 and LC131337, respectively.
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